A B S T R A C T Endotoxin treatment ofadult rats before hyperoxic exposure significantly increases their survival rate in >95% 02 (J Clin. Invest. 61: 269, 1978). In this study, we wished to determine: (a) whether endotoxin would protect against 02 toxicity if it were administered after the animals were already in >95% 02 for 12-48 h; and (b) [endotoxin-36 hi.) Endotoxin-treated animals in 02 showed increases in pulmonary superoxide dismutase, catalase, and glutathione peroxidase activities before the usual time of onset of measurable pulmonary edema in untreated animals in 02-When diethyldithiocarbamate was used to block the superoxide dismutase enzyme rise in the endotoxin-treated rats in 02, the protective action of endotoxin against pulmonary 02 toxicity was nullified. In endotoxin-treated, 02-exposed mice, there were no lung antioxidant enzyme increases, and no protective effect from 02 toxicity was achieved.
Flavia Oak Asthma Research Center, University of Miami School of Medicinie, Miami, Florida 33101 A B S T R A C T Endotoxin treatment ofadult rats before hyperoxic exposure significantly increases their survival rate in >95% 02 (J Clin. Invest. 61: 269, 1978) . In this study, we wished to determine: (a) whether endotoxin would protect against 02 toxicity if it were administered after the animals were already in >95% 02 for h; and (b) the relationship between the endogenous antioxidant enzymes of the lung and the protective effect of endotoxin treatment.
Our results showed that adult rats given a single 500 ,ug/kg dose of endotoxin up to 36 h after the onset Of 02 exposure had significantly increased survival rates and decreased lung fluid accumulation compared to untreated animals in 02 (P < 0.05). (Survival, 16 15/20 [endotoxin-36 hi.) Endotoxin-treated animals in 02 showed increases in pulmonary superoxide dismutase, catalase, and glutathione peroxidase activities before the usual time of onset of measurable pulmonary edema in untreated animals in 02-When diethyldithiocarbamate was used to block the superoxide dismutase enzyme rise in the endotoxin-treated rats in 02, the protective action of endotoxin against pulmonary 02 toxicity was nullified. In endotoxin-treated, 02-exposed mice, there were no lung antioxidant enzyme increases, and no protective effect from 02 toxicity was achieved.
We conclude that, in the rat, a single dose of endotoxin given even 36 h after the onset of hyperoxic exposure results in marked protection against 02-induced lung damage; and the increased lung antioxidant enzyme activity in the endotoxin-treated rats appears to be an essential component of this protective action.
INTRODUCTION
Small doses of bacterial endotoxin markedly increase the survival rate of adult rats exposed to normally lethal periods in hyperoxia, and significantly reduce the usual manifestations of acute pulmonary 02 toxicity (pulmonary edema, pleural effusion, and lung hemorrhage) (1) (2) (3) . Unlike other agents reported to protect the lung from O2-induced injury, endotoxin requires no pretreatment period of several days before exposure to hyperoxia, but is effective even when administered in a single dose just before the onset ofhigh 02 exposure (2).
We now report that the administration of a single dose ofendotoxin at various intervals after the initiation of hyperoxic exposure provides protection against 02
toxicity. In addition, we have attempted to define the role of the endogenous antioxidant enzymes of the luing in mediating the protective effect against 02 toxicity in the endotoxin-treated animals. This was done in studies in which (a) the time-course for pulmonary fluid accumulation and for changes in pulmonary antioxidant enzyme activities were monitored in endotoxintreated and untreated adult rats exposed to hyperoxia; (b) endotoxin was administered to mice, a species which does not respond to hyperoxic exposure with increased antioxidant enzyme activities; and (c) the superoxide dismutase enzyme inhibitor, diethyldithio-Exposures to 96-98% 0°2 were conducted in 3. In the mouse studies, animals received 500-,ug/kg doses of endotoxin at zero time, and at 24 and 48 h into the 120-h exposure period. Eight mice each from the treated and untreated groups were removed after 72 and 96 h of exposure time for lung analyses.
Analyses. All animals were killed by exsanguination under pentobarbital anesthesia. Pleural fluid accumulation was measured by absorbing the fluid in the chest cavities with preweighed gauze pads, assuming unit density (1 g = 1 ml). Lung wet weight per body weight measurements were based on the individual animal's body weight at the start of the exposure period. Lung drv weight was determined when a stable lung weight was recorded after drying the lungs for several days in a 600C oven.
Superoxide dismutase (SOD) (4), catalase (CAT) (5), glutathione peroxidase (GP) (6), protein (7), and DNA (8) Statistical analyses. The Student's group t test and the Fisher exact nonparametric test were used for statistical analyses (9) . Typically, the data from two or three experiments (with n = 4 animals per treatment group per experiment for nearly all the studies) were pooled after the validity of data-pooling was established by the chi-square test for homogeneitv. A P value of <0.05 was used for assigning statistical significance.
RESULTS
Effect of time of adminiistratiotn of encdotoxini on suirvival and lungfluid accumii lulation1. Administration of endotoxin at zero time or at 12 or 24 h after the start of 02 exposure resulted in nearly 100% survival of the treated animals at the end of the 72 h 02 challenge period (Fig. 1) . 75% of the rats receiving a single dose of endotoxin after 36 h of 02 exposure survived. All these treatment groups had statistically significant increases in survival rate compared to the 33% survival rate of the untreated 02 control group (P < 0.05). No increase in survival resulted with endotoxin treatment given after 48 h in hyperoxia (35% survival rate).
All the 02-exposed animals showed evidence of lung and pleural fluid accumulation compared to the air control animals (Table I ). However, pleural effusion and lung edema (lung weight per bodv weight and lung dry weight per wet weight measurements) was significantly less in the animals that received endotoxin at 0-36 h of exposure compared to the untreated 02-exposed group (P < 0.05).
Time-course for development of pulmonary edema and rise in atntioxidant enizymle activity. After 36 h of exposure to 96-98% 02 there was no evidence of pleural effusion or edema in either experimental group (Table II) (Table II) . SOD, CAT, and GP enzyme activities are significantly elevated above control levels at 60 h of exposure. The untreated O2-exposed rats demonstrate no significant changes in lung enzyme activity compared to the air control animals (except for an increase in CAT activity at the 60-h time point).
Endotoxin treatment in mice. The lung antioxidant enzyme activities in the endotoxin-treated mice (unlike in the endotoxin-treated rats) did not increase during hyperoxic exposure (Table IV) . Endotoxin treatment, in the scheduled dosage, had no effect on the survival rate of mice exposed to prolonged hyperoxia or on the accumulation of lung fluid. Enzyme activities measured at 72 h of exposure time were also unchanged in the endotoxin-treated and untreated groups, and lungs from both groups were equally edematous (not shown).
The effect of SOD inhibitor (DDC) treatment. Treatment with DDC reversed the protective effect of endotoxin (48 h survival, 40 vs. 100% with endotoxin Comn parison between endotoxini anid other treatmnent moodalities tvhich protect against hyperoxia. Agents such as alpha naphthylthiourea, oleic acid, vitamlini E, and the "toleranee" to 100% 02 induced by first preexposinig rats to sublethal concentrations of ()2, all re(luire several days of pretreatmenit to achieve a protective effect againist 02-induced lung injury andc lethality (2, (10) (11) (12) . Also, whereas each of these other protectanits mlay result in increased survival rates in hvperoxia, they (1o not prevent substantial lung (lamiiage fromii ocecurrinig, as assessed by histological examination after (2 exposures (10) (11) (12) . In contrast, endotoxini provi(les protection without requirinig any pretreatmiient interval before exposure to hyperoxia, and the enldotoxin-treated animilals show minimiial lung alterations after exposure to similar hyperoxic challenge (1-3).
Fturthermore, a single small dose of endotoxin (500 ag/kg, e(juivalenit to -'/4oth of the median lethal dose for the species), can provide signiificant protectioni to hyperoxic-exposed animals eveni when it is admiinisterecl as late as 24-36 h after the onset of high 02 exposuire (Fig. 1 , Table I ). We are unaware of any other exl)erimiienital agenit that is able to provide stuch protection when administered after the exposure period has begun. Evidence that the protective effect of endotoxin is dependent upon increased pulmonary antioxidant enzyme activity. The mechanism of action of endotoxin in the hyperoxic setting is not known. In untreated neonatal animals, protection from 02-induced severe lung damage, lung fluid accumulation, and lethality is correlated with the ability of the neonatal animal to mount a rapid lung antioxidant enzyme response to 02 challenge (13) (14) (15) . Untreated adult rats exposed directly to 95-100% 02 usually succumb within [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] h, and no ehange in lulng SOD, CAT, and GP enzyme activities are found (13, 14) . Similar findings have been reported for adult primates exposed to 95% 02 (16) . Aduilt rats preexposed for several days to 85% 02 show increased lung SOD activity, and on subsequent exposure to 100% 02 demonstrate prolonged survival (10, 12, 17) . Endotoxin-treated adult rats have lulng biochemical responses to 02 exposure which are very similar to the adaptive responses of neonatal animals, i.e., significant rapid increases in lung SOD, CAT, and GP have been consistently observed in response to hyperoxic challenge (1) .
We consider the following as important evidence that the endogenous antioxidant enzyme system response to hyperoxia in the endotoxin-treated animals is essential to the protective action of this agent: (a) Increases in lung SOD, CAT, and GP activities occur in endotoxin-treated animals 12 h before the onset of progressive pulmonary edema in untreated animals in 02; (b) DDC interferes with the expected increase in SOD enzyme activity in endotoxin-treated rats in response to hyperoxia and nullifies the usual protective action of endotoxin; (c) In the dosage regimen we used, endotoxin treatment concomitantly fails to elicit an increase in lung antioxidant enzymes in mice and fails to protect mice against 02-induced lung edema and lethality.
DDC treatment alone has not been associated with evidence of lung toxicity (15, 18; (15, 20) . It is possible that the endotoxin dosage selected in the mouse stuidy (comparable to the rat dose of -1/40-1/5oth of the median lethal dose) was insufficient to provide protection in this species. There is known to be a great difference in the sensitivity of different species to the biological actions of endotoxin, however, the mouse and the rat sensitivities are reported to be very similar (21) . Unanswered questions. The mechanism by which endotoxin treatment results in a rise in antioxidant enzymes in rats exposed to hyperoxia is unclear. Endotoxin is a mitogen for certain cells including reticuloendothelial cells, B lymphocytes, and also liver cells (22, 23) . Studies in our laboratory (with Dr. Ming-jen Chiang) have shown significant increases in lung DNA content within 24 h of endotoxin treatment. Furthermore, islands of cuboidal alveolar lining cells resembling type II cells have been observed in the lunigs of endotoxin-treated, 02-exposed rats (1-3) . Thus, the type II cells, which seem to have innate resistance to hyperoxia, may be stimulated to proliferate by endotoxin and may represent the cell source for the increased antioxidant enzyme activities in treated adult rats. This notion is suipported by the demonstration that hyperoxic exposure of isolated type II cells produces increased SOD activity in these cells (24, 25) .
In addition to its apparent mitogenic effect on the lung, endotoxin treatment of rats exposed to hyperoxia results in an increase in the ratio of RNA to DNA in the lung.2 This suggests the possibility that in addition to acting as a mitogen, endotoxin in some manner "activates" lung cells and facilitates a biosynthetic response to the increase in O2 substrate which is present uinder hyperoxic conditions and which is reported to be the direct biological stimulus for SOD induction (26, 27) . Currently, we are investigating this proposed mechanism of action of endotoxin on the adaptive response of the lung to 02 challenge.
